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Abstract Aegilops tauschii (goat grass) is the progenitor
of the D genome in hexaploid bread wheat. We have
screened more than 200 Ae. tauschii accessions for
resistance against leaf rust (Puccinia triticina) isolates,
which are avirulent on the leaf rust resistance gene Lr1.
Approximately 3.5% of the Ae. tauschii accessions
displayed the same low infection type as the tester line
Thatcher Lr1. The accession Tr.t. 213, which showed
resistance after artificial infection with Lr1 isolates both in
Mexico and in Switzerland, was chosen for further
analysis. Genetic analysis showed that the resistance in
this accession is controlled by a single dominant gene,
which mapped at the same chromosomal position as Lr1 in
wheat. It was delimited in a 1.3-cM region between the
restriction fragment length polymorphism (RFLP) markers
ABC718 and PSR567 on chromosome 5DL of Ae.
tauschii. The gene was more tightly linked to PSR567
(0.47 cM) than to ABC718 (0.79 cM). These results
indicate that the resistance gene in Ae. tauschii accession
Tr.t. 213 is an ortholog of the leaf rust resistance gene Lr1
of bread wheat, suggesting that Lr1 originally evolved in
diploid goat grass and was introgressed into the wheat
D genome during or after domestication of hexaploid
wheat. Compared to hexaploid wheat, higher marker
polymorphism and recombination frequencies were ob-
served in the region of the Lr1 ortholog in Ae. tauschii.
The identification of Lr1Ae, the orthologous gene of wheat
Lr1, in Ae. tauschii will allow map-based cloning of Lr1
from this genetically simpler, diploid genome.
Introduction
Leaf or brown rust caused by the fungal pathogen
Puccinia triticina is one of the most common diseases
affecting wheat production worldwide. It occurs mainly on
the leaf blades where uredinia rapidly develop following
the infection of susceptible wheat cultivars under favor-
able environmental conditions. Epidemics of this disease
can lead to severe losses of grain yield and a decrease in
nutritional quality. An effective, economical and ecologi-
cal method to control epidemics of leaf rust disease is the
cultivation of resistant wheat cultivars. More than 50
resistance genes have been found in the germplasm of
wheat and related species (Knott 1989; McIntosh et al.
1995; http://www.cdl.umn.edu/res_gene/wlr.html) and of
these, 46 leaf rust resistance genes have been mapped to
specific chromosomes and given official designations
(Lr1–Lr51) according to the standards set forth in the
Catalogue of Gene Symbols of Wheat (Kolmer 1996).
These 46 resistance genes have been intensively used in
wheat breeding (Johnson and Lupton 1987). Of these 46
leaf rust resistance genes 26 have been detected in
hexaploid wheat cultivars, whereas the remaining 20
were introgressed into the wheat genome by interspecific
crosses from lower-ploidy relatives of hexaploid wheat
within the tribe Triticeae (Kolmer 1996). The two leaf rust
resistance genes Lr10 and Lr21 have recently been
isolated from the hexaploid wheat genome by map-based
cloning (Feuillet et al. 2003; Huang et al. 2003).
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Leaf rust disease resistance gene 1 (Lr1) was first
described by Ausemus et al. (1946) in the hexaploid wheat
cultivar Malakoff (Dyck and Samborski 1968). It is a
single, dominant gene that was located on the long arm of
chromosome 5DL by monosomic analysis (McIntosh et al.
1965). The Lr1 gene is present in a number of wheat
cultivars (Knott 1989; McIntosh 1988), and plants
containing the Lr1 resistance gene show a typical hyper-
sensitive reaction after infection with an avirulent patho-
gen race. Feuillet et al. (1995) characterized the Lr1 locus
using restriction fragment length polymorphism (RFLP)
markers and wheat deletion lines and showed that Lr1 is
localized at the distal end of wheat chromosome 5DL.
Ling et al. (2003) constructed a high-resolution genetic
map in the region of the Lr1 locus by saturation mapping
of two large segregation F2 populations, and Lr1 was
delimited in a 0.16-cM region between RFLP markers
ABC718 and PSR567.
Bread wheat (Triticum aestivum L. em Thell.) is an
allohexaploid containing the three subgenomes A, B and
D. It originates from two independent hybridization
events. The first hybridization occurred between the wild
diploid wheat T. urartu as the A-genome donor and an
unknown species containing the B genome approximately
half a million years ago, resulting in the tetraploid ancestor
of modern Triticum species, T. turgidum (Feldman et al.
1995; Huang et al. 2002). T. aestivum (bread wheat) then
arose from the hybridization of T. turgidum with Aegilops
tauschii (the D-genome donor) 8,000 year ago (Dvorak et
al. 1998; Kihara 1944; McFadden and Sears 1946).
Therefore, T. aestivum is an evolutionary young member
of the Poaceae family. The large size of the bread wheat
genome (16×109 bp/1C, Bennett and Smith 1976), the
high content of repetitive DNA (more than 80%, Gill and
Gill 1994; Kam-Morgan et al. 1989) as well as the
presence of three homologous genomes make gene
isolation difficult. The use of diploid progenitors, both
for genetic or genomic studies, greatly simplifies gene
cloning (Feuillet et al. 2003; Huang et al. 2003). The
diploid Ae. tauschii has been successfully used for the
cloning of the Lr21 resistance gene, which was derived
from this species (Huang et al. 2003).
In the ideal case, an ortholog of the target gene in bread
wheat can be identified in a diploid, and the mapping and
cloning can be exclusively done in the diploid species. We
report here the identification and genetic characterization
of an ortholog of leaf rust disease resistance gene Lr1 in
Ae. tauschii.
Materials and methods
Screening of Aegilops tauschii accessions for leaf rust
resistance
Studies in Mexico
Two hundred accessions of Ae. tauschii were screened
with nine races of Puccinia triticina in the greenhouse.
The nomenclature and the avirulence/virulence formula of
these races are described in Singh (1991). Between six and
eight seeds of each line were sown as hills in flat trays (48
entries/tray). Two-week-old seedlings were inoculated by
spraying with a urediniospore-lightweight oil suspension.
Inoculated plants were placed in a dew chamber for 16 h at
about 20°C and then transferred to a greenhouse
maintained at 18–23°C. Infection type displayed by the
plants was recorded 10 days after inoculation using a 0–4
scale for leaf rust similar to that described by Stakman et
al. (1962).
Studies in Switzerland
Six accessions of Ae. tauschii (RL5688, TA1704, TA2397,
TA2567, Tr.t. 213 and AUS18913) were screened with six
leaf rust isolates BRW-96258, BRW-95032, BRW-95279,
BRW-98015, BRW-98017, BRW-90035. For screening,
nine seeds of each Ae. tauschii accession were sown in
three Jiffy pots (three seeds in each 4×5-cm pot; Jiffy A/S,
Denmark) in plastic plates (each plate contained 25 Jiffy
pots). Six seeds of Thatcher and Arina (two susceptible
wheat cultivars as a negative control) and Thatcher Lr1 (a
resistant wheat cultivar as a positive control) were also
sown in the same plate. Two-week-old seedlings were
artificially infected as described by Schachermayr et al.
(1995). The phenotypes (resistant or susceptible) were
evaluated 10 days after infection.
For genetic analysis and mapping of the resistance gene
in diploid Ae. tauschii, the resistant accession Tr.t. 213 was
crossed with the susceptible accession TA1704 and a
segregating population containing 318 F2 plants devel-
oped. Evaluation of resistance in F2 and F3 plants was
carried out at the seedling stage using the leaf rust isolate
90035, which is avirulent for the resistance gene Lr1, as
described by Ling et al. (2003).
Restriction fragment length polymorphism analysis
RFLP markers were screened for polymorphism in the
mapping parents. About 5 g of leaf tissue was harvested
from 6-week-old plants of Ae. tauschii accessions Tr.t. 213
and TA1704 and frozen in liquid nitrogen. Genomic DNA
from leaf tissue was extracted following the protocol
described by Graner et al. (1990). Six restriction
endonucleases (BamHI, DraI, EcoRI, EcoRV, HindIII
and XbaI) were used for digestion of genomic DNA. A
20-μg aliquot of total DNAwas incubated with 50 U of an
endonuclease in a final volume of 35 μl at 37°C for 5 h.
The cleaved DNA fragments were separated on a 0.75%
agarose gel and transferred to Hybond-N+ membranes
(Amersham, Germany) according to the manufacturer’s
instructions. The membranes were baked at 80°C for 1 h
for fixation of DNA.
For the RFLP analysis of the segregating F2 population,
genomic DNA extraction from F2 plants, DNA cleavage,
fragment separation by agarose gel electrophoresis and
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DNA transfer from gel to nylon membranes as well as
Southern hybridization were performed as described by
Ling et al. (2003).
Linkage analysis
Linkage estimation of RFLP markers and the resistance
gene Lr1Ae was based on the recombination frequency
(defined as the number of recombination events among the
total number of gametes analyzed). The recombination
frequency was converted to map units [centiMorgans
(cM)] using the Kosambi function.
Results
Screening of Ae. tauschii accessions with wheat leaf
rust isolates
Studies in Mexico
Of the 200 accessions of Ae. tauschii tested, seven
displayed a low infection type—0 (tiny chlorotic flecks
difficult to see by the naked eye)—that resembled the low
infection type pattern displayed by the Thatcher Lr1 tester
line. In Table 1, we present infection type data for eight
accessions together with those displayed by Thatcher and
its Lr1-bearing near-isogenic line. Seven of these
accessions were postulated to carry gene Lr1, indicating
that Lr1 occurred in 3.5% of the Ae. tauschii accessions.
Three accessions, Tr.t. 308, Tr.t. 309 and Tr.t. 310, are
probably reselections of the same accessions as all were
numbered consecutively and displayed the same infection
type pattern. If we take this into consideration, then Lr1
was in fact present in 2.5% of the accessions. Based on the
infection type response it also appeared that four
accessions, Tr.t. 213, Tr.t. 308, Tr.t. 309 and Tr.t. 310,
had only Lr1, whereas the remaining three accessions, Tr.
t. 224, Tr.t. 225 and Tr.t. 327, carried additional gene(s)
that conferred intermediate infection types to the six Lr1
virulent races. Thatcher and Ae. tauschii accession Tr.
t. 254 were susceptible to all nine races used.
Studies in Switzerland
The resistance of six Ae. tauschii accessions was first
evaluated by artificial infection with wheat leaf rust isolate
BRW-90035, which is avirulent on the resistance gene Lr1
in wheat (Ling et al. 2003). After 10 days of infection,
strong uredinia formation was observed on the inoculated
leaves of accessions RL5688, TA2397, TA2567 and
TA1704 as well as on the susceptible wheat lines Thatcher
and Arina, whereas no uredinia were observed on the
infected leaves of accessions Tr.t. 213, AUS18913 and the
resistant wheat line Thatcher Lr1 (see Table 2). The
resistance of the six accessions was then investigated with
five additional leaf rust isolates. All Ae. tauschii
accessions and the resistant (Thatcher Lr1) and susceptible
(Thatcher and Arina) controls showed susceptibility to
isolates BRW-96258, BRW-95032 and BRW-95279,
whereas Tr.t. 213 and AUS18913 as well as Thatcher
Lr1 were resistant against the isolates BRW-98015 and
BRW-98017 (Table 2). These results demonstrate that the
isolates BRW-96258, BRW-95032 and BRW-95279 were
virulent on the resistance gene(s) in Tr.t. 213, AUS18913
and the Lr1 gene in wheat, while BRW-98015 and BRW-
98017 were avirulent for the resistance gene(s) in Tr.t. 213
and AUS18913 and for Lr1 in wheat. Among the six Ae.
tauschii accessions, Tr.t. 213 and AUS18913 showed
identical resistance reactions as Thatcher Lr1 with six leaf
rust isolates. These data suggest that Tr.t. 213 and
Table 1 Seedling reactions of eight Aegilops tauschii and two hexaploid wheat lines when tested with nine Mexican Puccinia recondita
tritici races
Plant lines Accession no. Puccinia recondita tritici race and infection typea
BBB/BN LCJ/BN KBB/JP TBB/JP CBJ/QL MCD/SM TBD/TM TCB/TD TCB/TD
Thatcher CI10003 3+ 3+ 3+ 3+ 3+ 3 3+ 3+ 3+
Thatcher Lr1 RL6003 0; 3+ 0; 3+ 0; 3+ 3+ 3+ 3+
Tr.t. 213 CI11 0; 3+ 0; 3+ 0; 3 3+ 3+ 3+
Tr.t. 308 TA2453 0; 3 0; 3+ 0; 3 3+ 3 3+
Tr.t. 309 TA2454 0; 3 0; 3+ 0; 3 3+ 3 3+
Tr.t. 310 TA2455 0; 3 0; 3+ 0; 3 3+ 3 3+
Tr.t. 224 CI25 0; 3− 0; X− 0; 3 X X 3C
Tr.t. 256 TA2400 0; 1+3C 0; 3C 0; 1+3− 1+3− 1+3−C 1+3C
Tr.t. 327 TA2476 0; X 0; 3−C 0; 3−C ;1+ ;3− 3−C
Tr.t. 254 TA2397 3 3 3+ 3+ 3+ 3 3+ 3 3+
aInfection types are based on the 0–4 scale (Stakman et al. 1962). 0 = no uredinia or other macroscopic signs of infection; “;” = no uredinia,
but hypersensitive, necrotic or chlorotic flecks of varying sizes present; 1 = small uredinia surrounded by necrosis; 2 = small to medium
uredinia surrounded by green islands; X=random distribution of variable-sized uredinia on single leaf with a pure culture; 3 and 4=medium
and large uredinia, respectively, without chlorosis or necrosis; + and − = uredinia somewhat larger and smaller, respectively, than normal for
the infection type; C= more chlorosis than normal for the infection type. More than one designation represents a range of infection types
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AUS18913 contain a gene with a very similar specificity
as the bread wheat Lr1 gene.
The resistance of the Lr1 gene in bread wheat is caused
by a block of pathogen growth resulting from a hyper-
sensitive reaction after infection with an avirulent isolate.
Lines containing the Lr1 gene show chlorotic spots on the
infected leaves, whereas uredinia were formed on leaves of
susceptible plants. Chlorotic spots were also observed in
the resistant accessions Tr.t. 213 and AUS18913. Howev-
er, the chlorotic spots were significantly smaller than those
formed on leaves of Thatcher Lr1 and were hardly visible
by eye.
Genetic analysis of leaf rust disease resistance in Ae.
tauschii accession Tr.t 213
For genetic analysis of the resistance against leaf rust
isolate BRW-90035 in Ae. tauschii, accession Tr.t. 213
was crossed with the susceptible accession TA1704. F2
plants were evaluated for phenotypic segregation of
resistance after artificial infection with the leaf rust isolate
BRW-90035. Among the 318 F2 plants, 255 plants were
resistant and 63 were susceptible (χ2=4.57, P=0.033). The
observed segregation of leaf rust resistance in the popu-
lation deviates slightly from the expected one, but it shows
that resistance is controlled by a single gene with a
probability of 0.03.
In order to identify whether the resistance in Tr.t. 213 is
controlled by a gene located at an orthologous position of
Lr1 in hexaploid wheat, a small segregating population
(51 F2 plants) of Tr.t. 213×TA1704 was tested with the
RFLP marker ABC718, which is tightly linked to Lr1 on
chromosome 5DL of bread wheat (Ling et al. 2003). We
found that the leaf rust resistance gene in Tr.t. 213
cosegregated with the single-copy marker ABC718,
indicating that the leaf rust resistance gene in Tr.t. 213 is
possibly an orthologous gene of wheat Lr1 and is located
on chromosome 5 of Ae. tauschii. To establish a complete
genetic map around the Lr1 ortholog in Ae. tauschii, we
mapped seven RFLP markers (PSR567, ABC718,
TAG621, BCD1421, MWG602, CDO348 and KsuG14)
from chromosome 5DL of wheat and polymorphic
between Tr.t. 213 and TA1704. A segregating population
containing 318 F2 plants of the cross Tr.t. 213 × TA1704
was analyzed with the seven polymophic RFLP markers.
Figure 1 shows the resulting genetic map. The resistance
gene in Tr.t. 213 was mapped between the RFLP markers
ABC718 (0.78 cM, five recombinants) and PSR567
(0.47 cM, three recombinants).
Compared to the genetic map at the Lr1 locus in
hexaploid wheat (Ling et al. 2003), the order of mapped
markers in Tr.t. 213 was completely identical (Fig. 1). The
genetic distance of the flanking RFLP markers (ABC718,
PSR567 and TAG621) to the resistance gene in Ae.
tauschii (0.78, 0.47, and 3.58 cM, respectively) is about
six- to sevenfold larger than in wheat (0.12, 0.04 and
0.52 cM, respectively), indicating that recombination
occurred more frequently in the region of the resistance
gene in the segregating population of Tr.t. 213 × TA1704
than in the F2 population of Thatcher Lr1 × Thatcher. The
mapping results strongly indicate that the resistance gene
in Tr.t. 213 is an orthologous gene of leaf rust resistance
gene Lr1 of wheat. We called this gene Lr1Ae.
Discussion
The wheat D genome originated from Ae. tauschii by
spontaneous hybridization between the tetraploid T.
turgidum ssp. dicoccon (AABB) and the diploid goat
grass Ae. tauschii ssp. strangulata (DD) 8,000 years ago in
southwestern Asia (Dvorak et al. 1998; Huang et al. 2002).
Table 2 Resistance test of Ae. tauschii lines using leaf rust isolates
virulent and avirulent on the leaf rust disease resistance gene Lr1 (R
resistant, S susceptible)
Plant lines Leaf rust isolates
96258 95032 95279 98015 98017 90035
Thatcher S S S S S S
ThatcherLr1 S S S R R R
RL5688 S S S S S S
Tr.t. 213 S S S R R R
TA2397 S S S S S S
TA2567 S S S S S S
TA1704 S S S S S S
AUS18913 S S S R R R
Arina S S S S S S
Fig. 1a,b Comparative genetic maps of the resistance gene Lr1Ae in
Ae. tauschii and Lr1 in wheat. a Genetic map of Lr1Ae in Ae.
tauschii, resulting from the analysis of 318 F2 plants of the cross Tr.
t. 213 × TA1704. b High-resolution genetic map at the locus of the
leaf rust disease resistance gene Lr1 in wheat (data from Ling et al.
2003)
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To date, 19 leaf rust resistance genes have been localized
on the D genome (Knott 1989; Kolmer 1996), seven of
which have been described in hexaploid wheat, whereas
the other 12 have been introduced into the bread wheat
D genome from Ae. tauschii (eight genes) and Agropyron
elongatum (three genes) as well as A. intermedium (one
gene) by intergeneric crosses (Kolmer 1996; http://www.
cdl.umn.edu/res_gene/wlr.html). It is unknown whether
the seven leaf rust resistance genes (including Lr1) that
were directly identified in the wheat D genome had
evolved before or after hybridization of the AB genomes
with the D genome. Based on our data, we speculate that
Lr1 in hexaploid wheat is originally derived from the
diploid goat grass. It possibly evolved in Ae. tauschii and
was later integrated in hexaploid wheat by hybridization or
genetic exchanges of the wheat D genome with the Ae.
tauschii genome by spontaneous outcrossing between
bread wheat and goat grass after domestication of
hexaploid wheat. Alternatively, the Lr1 gene might have
evolved independently in Ae. tauschii and bread wheat.
This is rather unlikely as there are few examples of an
independent evolution of orthologous resistance gene loci.
Resistance genes are usually not conserved even between
relatively closely related species. An exception to this
general observation is the finding of a functional ortholog
of the Lycopersicon esculentum (tomato) Pto gene in the
distantly related wild tomato L. hirsutum (Riely and
Martin 2001). The future isolation of the Lr1 and Lr1Ae
gene from hexaploid wheat and Ae. tauschii, respectively,
will reveal the evolutionary history of the two genes: if
they evolved independently, we expect a lower degree of
homology in comparison to a recent introgression from Ae.
tauschii to hexaploid wheat. The case of these two genes
will thus allow us to study at the molecular level the
evolution of leaf rust resistance genes in wheat and one of
its progenitors.
The Ae. tauschii (D) genome is approximately one-
fourth the size of the bread wheat genome (4.024 Mbp/1C,
Arumuganathan and Earle 1991). Thus, it is even smaller
than the D genome of wheat (4.7 Mbp/1C, Lee et al.
1997). Our genetic mapping analysis indicates that the
D genome of Ae. tauschii has high levels of polymorphism
among different accessions. In our case, more than 60%
(7/11) of tested RFLP markers were polymorphic between
Tr.t. 213 and TA1704, whereas fewer than 30% (5/19) of
RFLP markers showed polymorphisms in wheat (Ling et
al. 2003). Our mapping results also revealed that the
region of Lr1Ae in the segregating population of Tr.
t. 213 × TA1704 underwent recombination much more
frequently than the Lr1 locus in wheat. A similar
observation was made in chromosome 1DS of Ae. tauschii
where very high recombination frequencies were observed
(Spielmeyer et al. 2000). Obviously, recombination fre-
quency and marker polymorphism are higher in Ae.
tauschii than in wheat. This will simplify map-based
cloning of the resistance genes, in our case the Lr1 gene,
from diploid Ae. tauschii compared to hexaploid wheat.
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